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Abstract
There is a compelling need to explore different material options as well as device struc-
tures to facilitate smooth transistor scaling for higher speed, higher density and lower
power. The enormous potential of nanoelectronics, and nanotechnology in general, offers
us the possibility of designing devices with added functionality. However, at the same
time, the new materials come with their own challenges that need to be overcome. In
this work, we have addressed some of these challenges in the context of quasi-2D Silicon,
III-V semiconductor and graphene.
Bulk Si is the most widely used semiconductor with an indirect bandgap of about
1.1 eV. However, when Si is thinned down to sub-10nm regime, the quasi-2D nature
of the system changes the electronic properties of the material significantly due to the
strong geometrical confinement. Using a tight-binding study, we show that in addition
to the increase in bandgap due to quantization, it is possible to transform the original
indirect bandgap to a direct one. The effective masses at different valleys are also shown
to vary uniquely in an anisotropic way. This ultra-thin Si, when used as a channel in a
double gate MOSFET structure, creates so called “volume inversion” with dramatically
different channel charge distribution changing the characteristics of transistor.
Compound III-V semiconductors, like InxGa1−xAs, provide low effective mass and
low density of states. This, when coupled with strong confinement in a nanowire channel
transistor, leads to the “quantum capacitance limit” regime of operation, where only the
lowest subband is occupied. This results in very interesting effects in different transistor
properties including current saturation, subthreshold slope, transconductance, delay and
energy-delay product. The presence of non-idealities including gate dielectric interface
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traps and series resistance in such a scenario is found to diminish the superiority of the
quantum capacitance limit.
To achieve the full advantages of both FinFET and HEMT in III-V domain, a hybrid
structure, called “HFinFET” has been proposed which provides excellent on performance
with low off state leakage. Using an effective mass based coupled Poisson-Schrodinger
simulation, the proposed structure is found to outperform the state of the art planar
and non-planar MOSFETs. The performance degradation of HFinFET in presence of
interface traps has been found to be eliminated through gate to source/drain underlap
optimization.
Graphene is a popular 2D hexagonal carbon crystal with extraordinary electronic,
mechanical and chemical properties. However, the zero bandgap of graphene has limited
its application in digital electronics. One could create a bandgap in graphene by making
quasi-1D strips, called nanoribbon. However, the bandgap of these nanoribbons depends
on the the type of the edge, depending on which, one can obtain either semiconducting
or metallic nanoribbon. It has been shown that by the application of the external field
through the side gates along the nanoribbon, one could not only modulate the magnitude
of the bandgap, but also change it from direct to indirect. This could open up interesting
possibilities for novel electronic and optoelectronic applications. The corresponding car-
rier masses are also found to be modulated by the external field, following a transition
from a “slow” electron to a “fast” electron.
Experimentally, it is difficult to control the bandgap in nanoribbons as precise edge
control at nanometer scale is nontrivial. One could also open a bandgap in a bilayer
graphene, by the application of vertical electric field, which has raised a lot of interest
for digital applications. Using a self-consistent tight binding theory, it is found that, in
spite of this bandgap, the intrinsic bias dependent electronic structure and the screening
effect limit the on-off ratio and the subthreshold slope at relatively higher value. To
overcome this poor on-off ratio problem, a semiconductor source-drain structure has
been proposed. Using a self-consistent NEGF approach, it is found to be extremely
promising providing large on-off ratio and improved subthreshold slope.
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At high drain bias, the transport properties of graphene is extremely intriguing with
a number of nontrivial effects. Optical phonons in monolayer graphene couple with car-
riers in a much stronger way as compared to a bilayer due to selection rules. However,
it is difficult to experimentally probe this through transport measurements in substrate
supported graphene as the surface polar phonons with typical low activation energy dom-
inates the total scattering. However, at large drain field, the carriers obtain sufficient
energy to interact with the optical phonons, and create so called “hot phonons” which
we have experimentally found to result in a negative differential conductance (NDC).
The magnitude of this NDC is found to be much stronger in monolayer than in bi-
layer, which agrees with theoretical calculations. This NDC has also been shown to be
compensated by extra minority carrier injection from drain at large bias resulting in an
excellent current saturation through a fundamentally different mechanism as compared
to velocity saturation. A transport model has been proposed based on the theory, and
the experimental observations are found to be in agreement with the model.
